Absnacf-Ultra wideband impulse radio (UwL3-IR) technology is an ideal candidate for wireless networks that can be utilized for short-range, high-speed, low power, and low cast indoor applications. The link budget of the free space propagation loss is usually estimated by using Friis' transmission formula. However, it is not directly applicable to ultle wideband impulse radio transmission systems, in particular the single band impulse radio, as the formula is expressed as a function of the frequency. Moreover, the waveform may be distorted due to the frequency characteristics of the antenna, and the comparison between Tx and Rr waveforms is not straightforward. This paper discusses the free space link budget evaluation of UWB-IR systems based on the extended FrW transmission formula. The matched filter is considered at the receiver side to maximize the SNR for evaluation. An experimental evaluation of the antenna transfer function needs the three-antenna method for the calibration of reference antenna. The technique gives very accurate results and is very useful for design and evaluation of UWB impulse radio transmission systems, especially for the evaluation of waveform distortion effects.
INTRODUCTION
Wireless personal area networks (WPANs) are required to have high data rate, low power consumption, and low cost. The ultra widehand (UWB) radio technology is an ideal candidate focusing on wireless PAN [l] , [2] .
In UWB communication systems, the antennas are significantly pulse-shaping filters. Any distortion of the signal in the kquency domain causes the distortion of the transmitting pulse shape. Consequently this will increase the complexity of the detection mechanism at the receiver [3] . Moreover, low cost, geometrically small and still efficient stmctures are required for typical wireless applications. Therefore the antenna design for UWB signal radiation is one of the main challenges [4] , [SI.
Even if the channel is in line of sight (LOS), Friis' transmission formula cannot be directly applied to the UWB radio as the bandwidth of the pulse is extremely wide. Furthermore, simple comparison between waveforms of transmitter and receiver is not significant because 0-7803-8373-7/04/$20.00 02004 IEEE of the distortion of the waveform caused by the frequency response of the antenna.
In this paper, we discuss the free space link budget evaluation of UWB-IR systems. This scheme is based on the Friis' transmission formula, adapted for UWB, in the sense that we would like to derive the equivalent antenna gain for UWB systems. The transmission waveform and the matched filter reception are keys for the extension of the Friis' formula to UWB. To h o w the antenna transfer function by measurement, we need the threeantenna method for calibration of the reference antenna. An experiment is carried out using the hiconical antenna for UWB operation in the anechoic chamber.
EXTENSION OF FRIIS' TRANSMISSION FORMULA
FOR UWB TRANSMISSION SYSTEM In this study, we focus on the link budget evaluation of UWB-IR system in free space.
In namowhand systems, the link budget of the free space propagation loss is usually estimated by using Friis' transmission formula [6]. However, it is not directly applicable to the UWB-IR transmission system, as the formula is expressed as a function of the frequency. Moreover, the waveform may be distorted due to the frequency characteristics of the antenna. Ref. [7] treats the special cases of the constant gain and the constant aperture, hut no general discussion had been made although it suggested the use of the time-domain antenna effective length.
The Friis' transmission formula [6] has been widely used, and can he applied to the calculation of these LOS channels.
where G, and G, are Rx and Tx antenna gain, is the free space propagation gain (less than unity in practice), X = -IS the wavelength, c is the velocity of the c . [9] .
Input signal q ( t ) at the transmitter port is expressed as the convolution of an impulse input and the pulse shaping At the receiver, the matched filter Hm(f) is introduced to maximize the signal-to-noise ratio ( S N R ) of the receiver output, as shown in Figure I .
which satisfies the following constant noise output power filter hi(t) as condition
where In this case, the output waveform when E, = 1, and the spectrum of the receiver output are heF"i,(t) and the matched filter w ( t ) and the spectrum of the output from the matched filter Vm(f) are
H,F"i%(f), respectively. The waveform ofthe output from Friis' formula is extended taking into account the transmission waveform as
is a complex transfer thction vector of the antenna relative to the isotropic antenna, taking its maximum as
is the free space transfer function where
Equation (15) is the UWB extension of Friis' transmission formula. It includes three elements, namely the frequency characteristics of the antennas, the frequency characteristics of free space propagation, and the of the transmit signal. It is clear from Eq. (15) that the transmission gain of the UWB signal can not be defined as the product of gains of antennas and a free space channel as Friis' formula (I) . Instead, the total transmission gain is the propagation constant. Unit vectors I,, @a express the polarization and are defined with respect to the local polar coordinates of each of the antennas. The following relations can he easily derived. Step Ipalibration of the standard antenna
The standard antenna is calibrated by using the three-antenna method. The three-antenna method has originally been proposed for the measurements of the complex antenna factor [IO] . In this method, three linearly-polarized antennas are required, but they do not have to be identical to one another. Three sets of measurements are performed using all combinations of the three antennas pointing toward the same directions as shown in Fig. 2 . The result is a set of three simultaneous equations of the form Fig. 3 . The i n s m e n t setup.
Step 2JThe transfer function of AUT is measured. By using the standard antenna and the AUT as Tx and Rx antennas respectively, the transfer function between Tx and Rx antenna ports is
and the transfer h c t i o n of AUT is obtained by
szi(f) = H i ( f ) H r ( f , d W z ( f ) , (17)
expressed as
where H;( f) is the complex frequency transfer function of antenna i, S , is the measurement result by using Tx antenna i and Rx antenna j, d
the complex transfer iimction of free space given using these equations (21) The setup is sketched in Fig. 3 . (22) antenna is fixed at pointing angle On and the Rx antenna 
C. Parameters of Experiment and Calibration Techniques
The important parameters for the experiments are listed in Table I .
It is noted that the calibration is done at the connectors of the cables to be connected to the antennas. Therefore, all the impairments of the antenna characteristics are included in the measured results.
D. UWE waveform Transmission
The effect of the waveform distortion is more obvious when the bandwidth is wider. We considered the impulse radio signal that fully covers the FCC band [12], i.e., 3.1 -10.6 GHz. The center frequency and the bandwidth were therefore set to be fo = 6.85 GHz and fb = 7.5 GHz, respectively. The transmit waveform assumed in the simulation was a single ASK pulse with the carrier frequency fo. To satisfy the bandwidth requirement of 2 fb, the pulse length was set to be -Then the signal f b ' was band-limited by a Nyquist roll-off filter with rolloff factor CY = 0 (rectangular window) and passband (fo -$,' fo + A). Figure 5 shows the transmit pulse waveform. The transmission process of the pulse waveform is simulated based on the measured transfer function of the antenna. Figure 6 shows the magnitude of the measured antenna transfer function and its phase is also shown in Fig. 7 . AUT is the broadband biconical antenna, the ideal linear phase is almost realized, except for the null directions which change by the frequency.
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IV. EXAMPLE RESULT AND DISCUSSION
The UWB signal shown in Fig. 5 Figure 8 shows the UWB transmission gain versus antenna pointing angle that uses the optimum matched filter compared with the matched filter for an isotropic antenna. The peaks are found at O", 180°, and 360" pointing angles which corresponds to the broadside of the antenna. The nulls are observed at 90' and 270" pointing angles. This paper presented the UWB transmission gain, which is an extension of Fnis' transmission formula in order to take into account the transmit waveform and the matched filter into the system for the free space link bud- 
